Platelets employ proteins/signaling pathways traditionally thought reserved for nuclear niche. We determined retinoic-acid-receptor alpha (RARa) expression and function in human platelets. RARa/actin-related protein-2/3 complex (Arp2/3) interact via non-genomic signaling in platelets. RARa regulates Arp2/3-mediated actin cytoskeletal dynamics and platelet spreading.
Introduction
Platelets respond to vascular damage by forming filopodia and lamellipodia that derive from a rapid remodeling of their extensive actin cytoskeleton [1] [2] [3] . This process will ultimately lead to platelet spreading over the damaged vascular surface. Platelets are anucleate and thus traditionally viewed as terminally differentiated cells incapable of cell division or fission processes. Nevertheless, recent work demonstrated that human platelets can develop extended and beaded isoforms with long extensions and two or more cell bodies, resembling dumbbells [4, 5] . These platelet shape changes depend on regulated actin cytoskeletal reorganization. Therefore, platelets provide an ideal cell model to understand regulatory pathways and protein interac-tions that initiate and propagate actin-dependent shape changes.
Retinoids, naturally-occurring vitamin A derivatives that regulate cellular differentiation and growth [6] , mediate key aspects of cellular development. The retinoid receptors, which include the retinoic-acid-receptor (RAR) and retinoid-x-receptor (RXR) family members, are classically described as nuclear receptors that regulate transcription. Human anucleate platelets are known to contain RXRs, which act in concert with peroxisome proliferator-activated receptors to mediate platelet alphagranule release and aggregation [7] [8] [9] [10] . Nevertheless, the expression and function of RARs in platelets and megakaryocytes (MEGS) has not previously been determined. Moreover, a direct regulatory role of the retinoic acid signaling pathway for cytoskeletal reorganization has thus far not been identified.
Here we demonstrate that human platelets and MEGS endogenously express RARa and that in non-genomic fashion RARa directly interacts with the actin branching complex subunit actin-related protein-2/3 complex (Arp2/ 3)s5. The high-affinity RARa-ligand all-trans retinoic acid (atRA) blocked RARa-Arp2/3s5 interactions and inhibited actin-dependent platelet spreading and the formation of extended platelets with two or more cell bodies [4, 5] . Blocking Arp2/3 using a specific small molecule inhibitor also prevented platelet spreading, highlighting that Arp2/ 3 is a key regulator of actin formation in human platelets. Within an in vitro actin branching assay that requires Arp2/3, RARa enhanced actin filament formation. Consistent with inhibition of cytoskeletal processes in platelets, atRA led to dysregulated actin branching. Our findings suggest a previously unidentified, non-genomic role whereby RARa serves as a control checkpoint for actin cytoskeletal events in human platelets.
Material and methods

Reagents and antibodies
The following drugs and reagents were used freshly prepared or from stock solutions: all-trans retinoic acid (atRA; 10 pM, 10 nM, 1 or 10 lM in dimethylsulfoxide [DMSO] , Sigma, St Louis, MO, USA) and CK-666 (10 or 40 lM, Merck-Millipore, Billerica, MA, USA). The following reagents and antibodies were used for microscopy, Western blot and co-immunoprecipitation (co-IP) studies: paraformaldehyde (PFA 4% (1 : 40) (all from Life Technologies, Eugene, OR, USA), mouse anti-RARa (EMD Millipore, Billerica, MA, USA), rabbit anti-p16ARC-Arp2/3s5 (abcam, Cambridge, MA, USA), mouse anti-b-tubulin antibody (Sigma) and goat anti-P-selectin antibody (Santa Cruz, Dallas, TX, USA).
Platelet isolation and culture
All studies were approved by the University of Utah IRB (IRB 000392) and the University Medicine of Greifswald ethics committee (BB 047/13). Platelets used for all of the described studies were freshly isolated from healthy human subjects. Leukocyte-depleted platelets were isolated as previously described [4, 11, 12] . Washed platelets were resuspended at 1 9 10 8 /mL in serum-free M199 medium, placed in round-bottom polypropylene tubes (Becton Dickinson, Franklin Lakes, NJ, USA) and cultured in a 37°C humidified incubator for different timepoints. In select studies, platelets were treated with DMSO (vehicle), atRA or CK-666. Incubation times for each specific experimental setting were based on published studies [4, 5] . All studies were approved by the University of Utah IRB (IRB 11919). CD34
+ hematopoietic progenitor cells were isolated from human umbilical cord blood and differentiated into proplatelet-producing MEGS as previously described [11, 12] .
Platelet apoptosis assays
Platelets cultured ex vivo for 18 h were assessed for endogenous apoptosis using the FAM FLICA Caspase 3 and 7 Assay Kit (ImmunoChemistry Technologies, Bloomington, MN, USA). In addition, platelets were treated with 1 lM Abt-737 to induce apoptosis, as a positive control, as previously described [13] and according to the manufacturer's protocol. Platelets were incubated with FAM FLICA for 30 min. Cells were fixed and analyzed using a single-color FACScan analyzer (BD, San Jose, CA, USA) with the system specific software.
Platelet cytoskeletal assays
For assessment of platelet spreading, platelets were placed on immobilized fibrinogen or collagen as previously described [12] . In select experiments, platelets were treated with DMSO (vehicle), atRA or CK-666. After 2 h of incubation, an appropriate time-course to allow for platelet spreading on fibrinogen, cells were fixed (PFA) and stained using WGA 546 or phalloidin 488.
For assessment of extended platelets with ≥ 2 cell bodies, platelets were isolated and resuspended at 1 9 10 8 mL À1 in serum-free M199 medium and cultured in a 37°C humidified incubator for 6 h. The time-course for these experiments was selected based on published studies from our laboratory identifying that 6 h allows for extended cell body formation ex vivo [4] . In select experiments, platelets were treated as described above with DMSO, atRA or CK-666. Following the incubation period, cells were carefully fixed (PFA), spun on glass coverslips and stained as described above. Random fields (three for each experimental condition) were recorded using microscopy techniques. Total platelets per field were counted (average 450 cells/field). Extended platelets were defined as platelets clearly possessing an extended morphology and ≥ 2 distinct cell bodies as previously described by our group and others [4, 5] . Changes in the formation of these proplatelet-resembling phenotypes were analyzed and compared with vehicle-treated conditions.
Protein co-immunoprecipitation
Platelet protein co-IP was performed using the Universal Magnetic Co-IP kit (Active Motif, Carlsbad, CA, USA) according to the manufacturer's protocol. In brief, after incubation with vehicle or atRA, platelets were washed in PBS supplemented with phosphatase and deacetylase inhibitors. Platelets were then lysed in the provided whole-cell lysis buffer and an additional protease inhibitor cocktail supplied by the manufacturer. Next, 50 lL of the harvested supernatant were incubated with the gene-specific anti-RARa or anti-p16ARC-Arp2/3s5 antibody or the isotype-matched non-immune IgG for 4 h at 4°C on a rotator. For the IP process, 25 lL of magnetically labeled protein G beads were added to each sample and incubated for 60 min at 4°C on a rotator. The IP complexes were isolated and cleaned by placing the samples on a magnetic stand and performing repeated washes with the provided wash-buffer. Finally, each bead pellet was resuspended in 20 lL of Laemmli-buffer and heated to 99°C for 3 min before loading on to a 12% standard sodium dodecyl sulfate (SDS)-PAGE gel. Gels were run in duplicate. One gel was transferred on to a poly(vinylidene difluoride) (PVDF) membrane for colloidal gold total protein staining (Bio-Rad, Hercules, CA, USA), while the other gel was directly stained using colloidal-coomassie staining as previously described [14, 15] .
Protein mass spectrometry
Protein bands of interest were manually picked using standard techniques to ensure minimal contamination with human skin particles. Proteins were digested and analyzed by an LCQ-Deca (Thermo Fisher Scientific, Waltham, MA, USA) mass spectrometer with electrospray ionization at the University of Utah Mass Spectrometry Core. Peptides were identified using the Mascot database downloaded in October 2011 against the NCBI human database trypsin search. Analysis settings included a peptide mass tolerance of AE5 ppm, fragment ion tolerance of AE0.5 Da, monoisotopic masses and trypsin cleavage (maximum two missed cleavages). As a variable modification, oxidation was included. Only peptides with a P-value < 0.05 were accepted.
Next generation RNA-sequencing
Platelets were isolated and leukocytes were removed by CD45 + selection [11, 12] prior to RNA isolation [16, 17] . RNA integrity was evaluated on an Agilent Bioanalyzer (Santa Clara, CA, USA) to ensure that each sample had an RNA integrity number (RIN) greater than 7.0. The same RNA isolation protocol and quality assessment applied to MEGS RNA. Poly(A)-tailed RNA was prepared and used to create cDNA libraries for deep sequencing. Samples were sequenced for 50 cycles on an Illumina GAIIx (San Diego, CA, USA) sequencer and sequence reads were processed and aligned as previously described [16, 17] .
Immunocytochemistry
On day 13 of the CD34 differentiation process MEGS were placed on fibrinogen-coated chamber slides to induce proplatelet formation, fixed (PFA) and subsequently incubated with IgG or an antibody against RARa, followed by co-staining using an anti-b-tubulin antibody and DAPI for nuclear localization. Platelets were either fixed immediately, to assess baseline morphology, or allowed to incubate for 18 h in suspension to allow for the development of extended cell bodies, as previously described [4] . At the end of the experimental period, PFA was added directly to the washed platelets to maintain the native morphology of the cells, as previously described [4, 12] . Fixed platelets were subsequently layered onto vectabond TM -coated (Vector Laboratories, Burlingame, CA, USA, USA) coverslips using a cytospin centrifuge (Shandon Cytospin, Thermo Fisher Scientific, Waltham, MA, USA). Platelets were permeabilized and counterstained with WGA 633 or phalloidin 488. RARa and Arp2/3s5 were specifically detected using the aforementioned antibodies. Specificity of the staining for antiRARa was confirmed with isotype-matched non-immune IgG. Because the antibody concentration of the antip16ARC antibody is not known, a minus (À) primary antibody sample served as the negative control.
Actin branching assay
Non-muscle actin (#APHL99), Arp2/3 protein complex (#RP01), Wiskott-Aldrich syndrome protein-Verprolin, cofilin, acidic (WASP-VCA) domain-GST protein (#VCG03) and an actin polymerization biochem kit (#BK003) were purchased from Cytoskeleton Inc. (Denver, CO, USA). Additional reagents were: phalloidin 488 and phalloidin 546, atRA, CK-666 and recombinant human RARa (#H00005914-P01, Abnova, Taipei, Taiwan). Branching assays were performed as previously described with modifications [18, 19] . Alexa 488-phalloidin (1 : 10 molar ratio) and actin monomers (2 lM final) were added to polymerization buffer (0.259 final), gently mixed and allowed to polymerize into labeled mother filaments (yellow) (15 min at room temperature, protected from light). During this polymerization period the accessory protein mixtures (Arp2/3 complex 25 nM final) and WASP-VCA domain-GST protein (300 nM final) were assembled and allowed to interact. In select samples recombinant human RARa (100 nM final), atRA (10 lM final), the Arp2/3 inhibitor CK-666 (40 lM final, the IC 50 of CK-666 [20] ), or a combination of all components, was added to the Arp2/3 complex-WASP mixture. After mother-filament polymerization the accessory protein and treatment mixtures were added. After 10 min of incubation (room temperature in the dark) additional actin monomers (2 lM final) and Alexa 546-phalloidin (1 : 10 molar ratio) were added to allow for branch formation. Finally, samples were diluted 500-fold in fresh fluorescence buffer (50 mM KCl, 1 mM MgCl 2 , 100 mM DTT, 10 mM imidazole pH 7.0, 0.5% methylcellulose, 20 lg mL À1 catalase, 100 lg mL À1 glucose oxidase and 3 mg mL À1 glucose). Samples (6 lL) were applied to + -derived megakaryocytes were placed on immobilized fibrinogen to induce proplatelet formation, fixed, and then incubated with an antibody against RARa (green, top right panel) or an IgG control, followed by co-staining for b-tubulin (red) and nuclei (4 0 ,6-diamidino-2-phenylindole, DAPI, blue), as shown in the bottom panels. The white arrows point to cell bodies and yellow arrowheads highlight the proplatelet extensions. Scale bars = 20 lm. (D) RARa expression (green) at baseline and in cultured (18 h) human platelets. The bottom panels show the corresponding transmission images. The white arrows highlight RARa platelets. The yellow arrowheads point to barbell-shaped platelets that form when platelets are cultured in suspension [4] . Scale bars = 10 lm.
coverslips (Corning, Corning, NY, USA #2975-246, 24 9 60 mm) previously coated with poly-L-lysine. Products of polymerization and branching were examined by fluorescence microscopy. Branches were visually inspected for their Brownian vibration to exclude artifacts of overlain filaments. Branching was quantified by counting the number of branches per lm of the mother filament for randomly selected fields. For that, three independent investigators were blinded to the experimental groups and analyzed the dataset autonomously to ensure unbiased quantification.
Microscopy
Fluorescence microscopy and high-resolution confocal reflection microscopy were performed using an Olympus IX81, FV300 (Olympus, Melville, NY, USA) confocalscanning microscope equipped with a 609/1.42 NA oil objective for viewing platelets. An Olympus FVS-PSU/ IX2-UCB camera and scanning unit and Olympus Fluoview FV 300 image acquisition software version 5.0 were used for recording. In addition, an EVOS FL Auto Cell imaging system with an integrated dual camera system, system-specific software and equipped with a 609/1.42 NA oil objective was used. Monochrome 16-bit images were further analyzed and changes quantified using Adobe Photoshop CS6 and ImageJ (National Institutes of Health, Bethesda, MD, USA). Super-resolution microscopy is described in a specific paragraph.
Single recognition and co-localization studies
Microscopy-based single recognition and co-localization studies were performed using the Duolink Ò in situ system (OLINK Bioscience, Uppsala, Sweden). Proximal ligation assay technology (PLA) was used to detect RARa, Arp2/ 3s5 and RARa-Arp2/3s5 complexes in situ with specificity, as briefly described here. Unique short DNA strands attached to secondary antibodies against a single or two target proteins (PLA (+) and (À) probes) bind to the primary antibodies. The oligonucleotides guide the formation of circular DNA strands when bound in close proximity (< 40 nm). The DNA circles serve as templates for localized rolling-circle amplification, allowing individual interacting pairs of protein molecules to be visualized by additional hybridization techniques [21, 22] . In brief, platelets were treated, cultured, fixed in suspension with paraformaldehyde (2% final) and permeabilized for microscopy as described above. The Duolink in situ kit was used as recommended by the manufacturer with the primary antibodies mouse anti-RARa and rabbit antip16ARC (Arp2/3s5). One primary antibody was omitted as a negative control. Secondary anti-mouse (+) or (À) and anti-rabbit (+) or (À) antibodies were used as PLA probes. After hybridization, ligation and amplification, a detection solution containing fluorescent probes was Platelets were placed on immobilized fibrinogen (top), fibrinogen plus thrombin (middle) or collagen (bottom) for 2 h with vehicle (dimethylsulfoxide, DMSO) or in the presence of atRA (10 lM) and stained for polymerized actin (magenta) or wheat germ agglutinin (WGA) to identify sialic acids (yellow). In the presence of vehicle only, isolated human platelets demonstrate characteristic fully spread platelets and star-shaped, partially spread patterns with hallmark actin stress fibers (arrows) and actin nodules (arrowheads). Treatment with atRA inhibited full platelet spreading, although partially spread, star-shaped platelets remain visible (white arrows, scale bars = 10 lm). This figure is representative of n = 3 independent experiments. (B) Transmission microscopy of platelets following snap-fixation at baseline or following incubation (6 h) with vehicle (DMSO) or atRA (10 lM). The formation of extended platelets with ≥ 2 cell bodies (outlined in magenta dotted line) was reduced compared with baseline or vehicle-treated platelets. Scale bars = 10 lm, representative of n = 5 independent experiments. (C) Extended platelets with ≥ 2 cell bodies were quantified without treatment (no Tx) and during treatment in culture with either vehicle (DMSO) or atRA in a dose-dependent manner (1 and 10 lM). Data represent the mean AE SEM (n = 3, *P < 0.05).
added. PLA signals were then detected by confocal microscopy as described above.
Protein co-localization studies and super-resolution microscopy
Resting-state human platelets were isolated, prepared and immunostained as previously described [23] with mouse anti-RARa, rabbit anti-p16 ARC (Arp2/3s5) and goat anti-P selectin as random controls, followed by AlexaFluor-conjugated secondary antibodies (Life Technologies). Stained cells were imaged via spinning-disc confocal laser fluorescence (SDF) or structured illumination microscopy (SIM, Zeiss ELYRA SIM) as previously described [24] . Deconvolved whole-cell SDF images (n = 20 cells per condition) were analyzed for signal co-localization using by enhanced chemiluminescence. For selected studies, platelets were cultured overnight in the presence of atRA, CK-666 or the respective vehicle, and activated with thrombin (1 U mL À1 for 10 min) or left unstimulated.
The cells were subsequently incubated with fluorescein isothiocyanate (FITC)-conjugated antibodies against Pselectin (#555523, BD Pharmingen, San Diego, CA, USA), fixed and analyzed on a five-color FACScan analyzer (BD) using the system-specific software. Isotypematched control samples were used to exclude non-specific antibody binding.
Statistical analyses
The mean AE SEM was determined for each experimental variable. ANOVA was used to identify differences that existed among multiple experimental groups. If significant differences were found, a Newman-Keuls post-hoc procedure was used to determine the location of the difference. For all datasets a two-tailed P-value of < 0.05 was considered statistically significant.
Results
CD34 + -derived megakaryocytes and isolated human platelets endogenously express RARa mRNA and protein
We initially sought to determine the expression patterns of RARa in CD34 + hematopoietic progenitor cellderived MEGS and freshly isolated human platelets. Next-generation RNA deep sequencing (RNA-seq) revealed that MEGS and human platelets express mature RNA (mRNA) for RARa (Fig. 1A and B) . Consistent with its expression at the mRNA level, RARa protein was expressed basally in the cytoplasm and proplatelet extensions of MEGS (Fig. 1C) , freshly isolated, unstimulated human platelets at baseline, and platelets that form extended cell bodies in culture (Fig. 1D) .
Retinoic acid regulates actin cytoskeletal events in human platelets
We next sought to determine the role of RARa in human platelets. As platelets are anucleate, we hypothesized that RARa would have non-genomic functions. We incubated freshly isolated human platelets with atRA, the biologically active ligand of RARa. In the presence of atRA, platelet spreading on collagen, fibrinogen and fibrinogen plus thrombin and the formation of platelets with ≥ 2 cell bodies in suspension (processes requiring regulated actin cytoskeletal assembly) were significantly inhibited (Fig. 2) . Proplatelet formation by MEGS was also inhibited by atRA in a dose-dependent manner ( Figure S1A ). Platelet surface P-selectin expression was not inhibited by atRA, suggesting that alpha-granule release was preserved and platelets remained functional ( Figure S1B ). The expression of RARa protein did not significantly change during 18 h of platelet culture in the presence or absence of atRA ( Figure S1C ). In these 18-h culture experiments, platelet apoptosis markers (e.g. Caspase 3/7 activation) did not increase compared with baseline conditions (3.7% vs. 3.5% apoptotic cells, P = 0.93). The formation of platelets with ≥ 2 cell bodies was also inhibited by atRA when cultured in platelet-rich plasma ( Figure S2 ). Incubating freshly isolated human platelets with the specific RARa agonist AM-580 inhibited platelet spreading, thus phenocopying the effects of atRA. In contrast, incubating platelets with Ro-41-5253, an RARa antagonist, did not inhibit platelet spreading (data not shown).
RARa directly interacts with the cytoskeletal protein Arp2/ 3s5
As these data suggest that platelet actin cytoskeletal events are mediated by RARa, we next hypothesized that RARa would have direct interactions with actin cytoskeletal regulatory components. To identify RARa Fig. 3A and B) . Unexpectedly, most identified proteins that directly interact with RARa are regulators of cytoskeletal formation (Fig. 3B) . We chose to focus on Arp2/3s5 (also known as ARPC5), which was specifically identified by MS-based peptide sequences (Fig. 3A , red box and arrow, 3B, and Table 1 ). No other members of the Arp2/3 complex were identified by MS. Arp2/3s5 is a subunit of the actin-nucleating complex Arp2/3, which regulates cytoskeletal formation in nucleated cells. The Arp2/3 complex, which structurally resembles monomeric actin, binds to the side of existing actin filaments, initiating growth of new filaments in a branched network formation. Because Arp2/3 is a requisite for platelet spreading and filopodia formation [25] , we hypothesized that RARa-Arp2/3s5 interactions would regulate platelet actin cytoskeletal events.
Next-generation RNA deep sequencing (RNA-seq) confirmed Arp2/3s5 expression in isolated human platelets and MEGS ( Figure S3A ). Consistent with its expression pattern at the transcript level, confocal scanning laser microscopy demonstrated robust Arp2/3s5 protein expression throughout the platelet cytoplasm (data not shown). Arp2/3s5 expression was in a localized nodular pattern ( Figure S3B ), consistent in appearance with platelet Single recognition studies were performed using the Duolink Ò in situ system. RARa and Arp2/3s5 protein were detected using specific primary antibodies. Single recognition signals for either RARa or Arp2/3s5 (red, top panels) are highlighted in each panel with white arrows, demonstrating that both RARa and Arp2/ 3s5 are present within human platelets. Co-localization studies were performed using the Duolink Ò in situ system. RARa-Arp2/3s5 complexes were detected by using specific primary antibodies and matching (À) and (+) PLA probes. Co-localization signals for RARa-Arp2/3s5 complexes (yellow, bottom panels) are identified by white arrows. The negative control (left panel) demonstrates specificity of the signal. Examples of discoid and extended cells are outlined (magenta dotted line). Scale bars = 10 lm. Images in (A) are representative of n = 3 independent experiments. (B and C) Human platelets were isolated, prepared and immunostained using primary antibodies: mouse anti-RARa (red), rabbit anti-Arp2/3s5 (green) and goat anti-P selectin (magenta). Stained cells were imaged via spinning disc confocal laser fluorescence microscopy (B) or structured illumination microscopy (SIM) (C). The top row panels in (B) and the two left side panels in (C) show single channel images for each protein indicated. Merged images used for co-localization studies are shown in the bottom row (B) and middle panels in (C). Co-localization pixels only for RARa and Arp2/3s5 are shown in the far right panels (B, C) in yellow. In (B) the left side in each panel shows the central YZ profile of the Z-section shown at right, in (C) images are snapshots of the 3D render shown in Movie S1 (B, bars = 1 lm, representative of three independent experiments; C, bars = 0.5 lm, representative of three independent experiments).
cytoskeletal structures called actin nodules [25] [26] [27] [28] . Treating human platelets with atRA did not change RARa expression (Fig. 3C , and Figure S1C ) but disrupted Arp2/ 3s5-RARa interactions (Fig. 3D) . Given spatial resolution limitations in standard approaches to co-localization, we applied PLA to detect individual RARa-Arp2/3s5 interactions in situ. Using this technique for co-localization studies, protein partners in a complex are detected simultaneously by the ligation of DNA-probe-labeled secondary antibodies, which only occurs when the two proteins co-localize closer than 40 nm. In addition, only proteins complexed together at the time of fixation are detected. RARa and Arp2/3s5 were readily visualized as specific, single signals within the cytoplasm of platelets (Fig. 4A) . Moreover, RARa and Arp2/3s5 co-localized within platelet cell bodies. Consistent with the results of Western blot experiments shown in Fig. 3(D) , atRA disrupted the co-localization of RARa and Arp2/3s5 (Fig. 4A, bottom panels) .
To better visualize Arp2/3s5-RARa interactions we used high-resolution spinning disc laser fluorescence (SDF) and structured illumination microscopy (SIM). Imaging of immunostained platelets (Fig. 4B and C, Movie S1) showed Arp2/3s5 and RARa localized to an intracellular compartment distinct from the alpha granular system defined by P-selectin. Co-localization analysis of SDF and SIM images gave a Pearson's correlation coefficient of 0.50 for RARa and Arp2/3s5, while the value for P-selectin and Arp2/3s5 was 0.29 (P < 0.0001).
Retinoic acid receptor-a and atRA are required for complex actin branching
We next hypothesized that RARa and atRA are both required for complex actin branching, a process also dependent on Arp2/3. To confirm this we used an in vitro Arp2/3-dependent actin branching assay previously described by Amann and others [18, 19, 29] . In this assay actin, WASP-VCA protein and Arp2/3 are all required components for actin branching [18, 19] .
Compared with standard conditions usually used for branching assays, which include Arp 2/3 (Fig. 5A) , addition of recombinant human RARa reduced actin branch complexity, as indicated by a significantly fewer number of actin side-branches per mother filament (Fig. 5B and D) . This condition most likely reflects Arp2/3 and RARa inter- actions, which based on our findings occur basally in quiescent human platelets (Fig. 3) . The addition of both RARa and atRA led to deregulated actin branch formation when compared with the native state, resulting in a significant increase in the number of actin side-branches per mother filament ( Fig. 5C and D) . In control experiments where the actin nucleation initiating complex Arp2/3 was omitted, atRA alone, RARa alone, or the combination of atRA and RARa, resulted in the complete absence of actin branch formation (data not shown). These results indicate that RARa and Arp2/3s5 interact closely to specifically control Arp2/3-mediated actin branch formation in quiescent, discoid platelets, and that RARa does not regulate actin nucleation independent of Arp2/3.
Arp2/3 regulates complex actin branch formation and platelet cytoskeletal events
Our findings demonstrate that RARa interacts directly with Arp2/3s5 in platelets, that atRA disrupts RARaArp2/3s5 interactions and inhibits platelet spreading and the formation of extended platelets with ≥ 2 cell bodies, and that atRA promotes dysregulated complex actin branching in the presence of atRA. We next blocked Arp2/3 directly, hypothesizing that this inhibition would reduce complex actin branching and platelet spreading. Arp2/3 inhibition by CK-666 decreased the ability of platelets to spread on immobilized fibrinogen (Fig. 6A ) and completely abolished complex actin branch formation ( Fig. 6B and C) . Platelets treated with CK-666 retained their ability to express surface P-selectin after stimulation with thrombin, demonstrating that inhibition of Arp2/3 does not block platelet activation responses ( Figure S4A ). The formation of platelets with extended cell bodies was significantly increased in the presence of CK-666, indicating that actin polymerization, but not branching, is necessary for this process ( Figure S4B and C). Consistent with this hypothesis, treating platelets with cytochalasin D, which globally blocks actin polymerization [30] , completely inhibited platelet spreading and extended cell body formation (data not shown).
Discussion
Recent studies demonstrate that human platelets, although anucleate, possess unexpected and dynamic functions [4, 5] . While activation-dependent changes in . Actin cytoskeletal dynamics in human platelets is dependent on Arp2/3s5. (A) Platelets were placed on immobilized fibrinogen for 2 h with vehicle (dimethylsulfoxide, DMSO) or in the presence of CK-666, a specific Arp2/3s5 inhibitor, and stained for polymerized actin (magenta) or wheat germ agglutinin (WGA) to identify sialic acids (yellow). In the presence of vehicle only, isolated human platelets demonstrate characteristic fully spread platelets and star-shaped (arrows), partially spread patterns with hallmark actin stress fibers and focal adhesion points (arrowheads). Treatment with CK-666, in contrast, inhibited full platelet spreading, although partially spread, star-shaped platelets remain visible (white arrows, scale bars = 10 lm). This figure is representative of n = 3 independent experiments. (B, C) When an actin branching assay was supplemented in control conditions [18, 19] with bovine Arp2/3 complex in the presence of recombinant human RARa and atRA, actin filaments were visible and complex actin branching occurred. In the presence of the Arp2/3 inhibitor CK-666, actin filaments were visible but complex actin branching was inhibited, consistent with the dependency of the Arp2/3 complex on actin branch formation. Boxes indicate the origin of inserts. Scale bars = 10 lm. This figure is representative of n = 3 independent experiments. platelet adhesion, activation and spreading have been observed for decades, many of the regulatory mechanisms underlying these actin-dependent events remain incompletely understood. As retinoids regulate peripheral blood platelet counts in AML patients [31] , induce megakaryopoiesis and platelet-like particle formation in a MEG-O1 cell line [32] and reactivate transduction pathways to promote differentiation [33] , we hypothesized that retinoids would also play integral roles in actin cytoskeletal events in human platelets.
In the present study, we demonstrate that human platelets and CD34 + -derived MEGS express RARa mRNA and protein. Moreover, we show that the high-affinity RARa ligand, atRA [34, 35] , inhibits platelet spreading and the formation of platelets with ≥ 2 cell bodies. We hypothesized that RARa regulates actin cytoskeletal dynamics in platelets through interactions with non-traditional (and in non-genomic fashion) partner-protein interactions. Consistent with this hypothesis, we found that Arp2/3s5, a subunit of the Arp2/3 complex [36] , is expressed in human platelets and MEGS in a nodular pattern that co-localizes with actin. Furthermore, using a co-IP approach, we identified for the first time that RARa directly interacts with Arp2/3s5 in human platelets under basal conditions. In the presence of atRA protein interactions between RARa and Arp2/3s5 were disrupted, indicating that these two interacting partners are actin cytoskeletal regulators.
Arp2/3 is present in platelets and regulates actin filament formation and platelet spreading [2] . Nevertheless, a regulatory function for RARa in mediating the actions of Arp2/3 has not previously been identified. Using an in vitro actin branching assay, we demonstrated that RARa mediated Arp2/3-dependent actin filament formation. Consistent with inhibition of cytoskeletal processes in platelets, atRA disrupted RARa-Arp2/3-dependent actin filament formation, resulting in a phenotypic shift towards side branching rather than filament elongation. These findings demonstrate that RARa, in a non-genomic fashion, directly interacts in situ with Arp2/3s5 in human platelets and regulates actin cytoskeletal events.
Taken together, these results provide new evidence for a regulatory model of platelet actin cytoskeletal processes. We propose a model whereby under basal conditions in human platelets, RARa-Arp2/3 interactions control actin formation and regulate platelet spreading (Fig. 7) . Disrupting these interactions, as with atRA, however, leads to deregulated actin filament formation, impaired platelet spreading and formation of barbell-shaped platelets. As our studies were done in primary human cells isolated from healthy donors, we postulate that RARa and its natural ligand atRA serve as rheostats in Arp2/3-mediated actin cytoskeletal organization.
While we observed a direct RARa-Arp2/3s5 interaction, we cannot completely dismiss other possible binding partners of RARa forming heterodimers, which could interact with RXR family members or other actin cytoskeleton regulatory proteins [37] . In addition, subordination is a common feature of retinoid receptor signal- Proposed mechanisms by which retinoic acid regulates complex actin cytoskeletal dynamics in human platelets. Basally, in unstimulated human platelets, RARa is bound to Arp2/3s5 and these direct interactions mediate platelet shape change and spreading, processes dependent on regulated actin cytoskeletal events. These interactions are disrupted by the binding of retinoic acid to its receptor, leading to dysregulated actin cytoskeletal rearrangement and blocking of platelet shape change and spreading.
ing. This means that an RARa binding partner can autonomously bind its agonist, but signal-transduction only occurs if both subunits are stimulated when a heterodimer is formed [35, 38, 39] . Therefore, a synergistic action could potentially be observed when RARa and other binding partners besides Arp2/3s5 are simultaneously bound to agonists [40] . Additional studies are needed to further dissect the complex pathways involved in retinoid biology in human platelets.
In conclusion, our data identify a previously unrecognized regulatory signaling pathway of RARa in human platelets. Because RARa is classically considered a nuclear receptor, our findings also demonstrate that in anucleate human platelets, RARa functions in a nongenomic fashion. Finally, we provide new mechanisms of how actin cytoskeletal events are regulated via RARa interactions with Arp2/3 in human platelets. . Demonstrates that atRA does influence proplatelet formation but does not influence platelet alphagranule release. Furthermore, atRA does not alter RARa protein expression. Fig. S2 . Demonstrates that the regulatory effect of atRA on the formation of extended barbell-shaped platelets is preserved when incubated in PRP. Fig. S3 . Shows that Arp2/3s5 is present in human platelets and CD34 + -derived megakaryocytes. Fig. S4 . Shows that the inhibition of Arp2/3s5 does not influence platelet alpha-granule release but does effect the formation of extended platelets with ≥ 2 cell bodies. Movie S1. Represents a human platelet demonstrating RARa-Arp2/3s5 co-localization.
